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A B S T R A C T   

Field observations of small scale seabed morphology were obtained over 4 weeks at two locations separated 66 m 
along a cross-shore transect during the 2014 MEGAPEX Experiment conducted as part of the longer term Sand 
Engine mega-nourishment project along the North Sea Coast of The Netherlands. The seafloor was continuously 
covered by dynamic bedforms with amplitudes ranging 0.02–0.40 m and wavelengths ranging 0.20–2.5 m. 
Ripple migration rates were up to 3.6 m/h, dependent on the energy of the waves and currents. Under the 
assumption of bedload dominant transport, cross-shore and alongshore sediment volume flux by ripples was 
estimated from observations at the spatially separated imaging locations. The average and maximum ripple 
sediment volume flux was found to be 0.22 and 1.7 m3/m/day, respectively, with larger fluxes during spring 
flood tides and storm wave conditions. The daily averaged fluxes were usually oriented about 30◦ north of shore- 
normal, moving in the same direction as a nearby transverse sandbar migration direction. Estimated gradients in 
the sediment flux within the surfzone were computed from bed level change measurements of the inner surfzone 
including a larger scale transverse sandbar measured from subsequent jetski surveys. We find that the estimated 
gradients in surfzone sediment flux are conceivably driven by small variations in the sediment flux driven by 
sand ripple migration, supported by our observations of ripple driven sediment flux at the two ripple imaging 
stations. A simple conceptual model is presented that shows how small scale bedforms may contribute to the 
growth and decay of larger scale bathymetric features, such as sandbars. Results suggest that sediment flux by 
small scale sand ripples and megaripples could significantly contribute to larger scale morphologic development 
in the surfzone.   

1. Introduction 

Sand ripples O (0.1 m to 10 m wavelength) superimposed on medium 
to large scale morphology O (10 m to 1000 m horizontal length) is 
characteristic of sub-aqueous environments (e.g., rivers, river inlets, 
tidal shoals, estuaries, and the coastal ocean). The influence of sand 
ripples on larger scale morphology (and vice versa) has historically been 
viewed through the lens of equilibrium and disequilibrium morpho-
logical theories, which pose that varying scales of superimposed bed-
forms simply coexist, but do not necessarily interact, evolution of each 
scale of bedform is viewed as independent from other scales (Allen and 
Collinson, 1974; Myrow et al., 2018). However, there is a body of 
geophysical observations that acknowledge the qualitative to 

quantitative potential for nonlinear dynamic feedback between scales of 
morphology (Off, 1963; Lippmann and Holman, 1990; Gallagher et al., 
1998; Werner, 1999; Ashton et al., 2001; Venditti et al., 2005; Murray 
et al., 2009; Lefebvre et al., 2013; Doré et al., 2016; Jones and Tray-
kovski, 2019). In rivers and inlets there is significant evidence for 
morphologic scale interactions (Dietrich and Smith, 1984; Dalrymple 
and Rhodes, 1995; Passchier and Kleinhans, 2005; Winter et al., 2008; 
Lefebvre et al., 2013). In estuaries and on shoals, megaripples O (1 m) 
have been shown to drive sand wave and dune O (250 m) migration 
despite the large difference in scale of these two morphological features 
(Dalrymple and Rhodes, 1995; Jones and Traykovski, 2019). At the 
beach, scale interactions are also found, where sandbar welding (the 
process whereby a sandbar migrates toward the coast and attaches to the 
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shoreline) can be a significant source of sediment to prograding shore-
lines (Bailard, 1981; Plant et al., 1999; Aagaard et al., 2004; Price and 
Ruessink, 2011; Ruggiero et al., 2016; Price et al., 2017). 

The processes that drive beach evolution are inadequately under-
stood (Hoefel and Elgar, 2003; Ludka et al., 2015; Ruggiero et al., 2016), 
especially in nearshore regions where sand ripples are ubiquitous 
(Clarke and Werner, 2004; Hay and Mudge, 2005). Established equi-
librium coastal profile models generally poorly reproduce the beach 
shape in the surfzone when ripples and sandbars are dominant 
morphologic features (Dean, 1991; Clarke and Werner, 2004; Ludka 
et al., 2015). Moreover, coastal morphologic change models are shown 
to under-predict large-scale coastal adjustment in regions that are 
populated by dynamic sand ripples and sandbars (Terwindt and Wijn-
berg, 1991; Sherman, 1995; Brakenhoff et al., 2020). At present, coastal 
and riverine sediment transport formulations used in morphologic 
change models primarily characterize bedload transport due to the 
mobility of individual sand grains (Nielsen, 1992; Wengrove et al., 
2019). Some transport formulations consider ripple influence, but only 

via a friction factor that modulates the shear stress or hydrodynamic 
power imposed from the flow to grains of sediment on the bed (e.g. 
Soulsby, 1997; Styles and Glenn, 2000; Soulsby and Clarke, 2005; 
Soulsby et al., 2012). Within the surfzone, observations show that 
bedforms (ripples and megaripples) often cover the seabed (Clarke and 
Werner, 2004; Becker et al., 2007), and ripples have been shown to 
affect both the magnitude and direction of sediment flux (Aagaard et al., 
2001; Saulter et al., 2003; Hay and Mudge, 2005; van Rijn, 2007; 
Wengrove et al., 2018). Additionally, Dietrich and Smith (1984) showed 
bedload transport and transport due to ripple migration to be nearly the 
same magnitude in rivers and Doré et al. (2016) numerically showed 
that superimposed bedforms on a dune promote the decay of the dune 
crest in unidirectional flow. 

The work presented herein supports the developing theory that 
superimposed bedforms contribute to larger scale sediment transport 
within the dynamic surfzone. We observe sediment volumetric flux 
caused by migrating sand ripples of O (0.2–2.5 m) in a mixed wave- 
current dominated inner surfzone to be consistent with the volumetric 

Fig. 1. Scales of morphology and their evolution through time at the Sand Engine. (a) large scale nourishment evolution (images from Joop van Houdt/Rijkswa-
terstaat). (b) medium scale transverse sandbar evolution from bathymetric surveys over a four week period (W0 to W4, top two panels) and respective change 
(bottom panel – blue erosion, orange accretion); black box highlights the transverse sandbar of interest and solid thin black curved line along the left-hand-side of 
each panel is the shoreline. (c) current, wave, and combined wave-current time series of spatial distribution of measured ripple elevation (zb) as sampled at the sonar 
stations highlighted in (b) by black (shoreward) and grey (seaward) dots. Panel sets should be viewed from left to right and are forced by the indicated hydrodynamic 
condition to the left. Each set of observations were captured with a sampling rate of 20 min. 
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sand loss of the inner surfzone associated with a migrating shore- 
attached transverse sandbar. Quantifiable evidence of the importance 
of bedforms as an intermediate contributor to accretion and/or diffusion 
of larger scale morphologic features indicates a need for process based 
models to specify the contribution from ripple processes apart from 
traditional bedload and suspended load transport paramaterizations. 
Jones and Traykovski (2019) suggest a quantified and validated con-
ceptual model that connects megaripple convergence and divergence to 
larger scale dune migration. Herein, we independently developed a 
similar conceptual model relevant to modulation of surfzone morphol-
ogies. It may be that modeling bedform kinematics as a physical process, 
rather than using a grain-by-grain assemblage of sediment transport, is a 
more representative method to parameterize the physics of super-
imposed bedforms in process based morphologic change models. 

2. Observations 

On sandy beaches there exists a spectrum of horizontal morphologic 
scales that range five orders of magnitude from 10− 1–104 m. The largest 
scales of morphology are associated with the coastline, medium scales 
with sandbars, and smaller scales with sand ripples and megaripples. For 
the analysis presented herein, we utilize bathymetric field data that 
reveals morphologic evolution across a range of spatial and temporal 
scales obtained along the large sandy coastline of the Sand Engine in the 
Netherlands (Stive et al., 2013). We consider the largest morphologic 
scale in the system to be the curved Sand Engine coastline (Fig. 1). At the 
outermost protrusion of the Sand Engine, we use field observations of 
ripple migration to estimate the cross shore and the alongshore sediment 
volume flux along a cross-shore transect. 

The curved Sand Engine mega-nourishment experimental project 
was installed in 2011 by depositing 21.5 million cubic meters of sand 
along a 2 km section of coast and extending 1 km into the North Sea 
(Fig. 1a upper panel). For context, the Sand Engine is a Building with 
Nature campaign, investigating if naturally existing waves and currents 
can push the added sand alongshore into erosive areas of the coast. The 
perturbation was predicted to diffuse over time and last for a period of 
over 20 years (whereas typical nourishments installed to protect the 
coast and create recreational beach width have a typical design lifespan 
of 4–5 years) (de Schipper et al., 2016). 

The span of temporal and spatial scales of morphology present at the 
Sand Engine mega-nourishment system changes over periods ranging 
from minutes to years and spatial scales ranging from 10− 2 to 103 m 
(Fig. 1) (de Schipper et al., 2016; Rutten et al., 2018; Wengrove et al., 
2019). On the largest scales considered the morphology of the Sand 
Engine evolved significantly, moving millions of cubic meters of sand 
(Fig. 1a, lower panel) (Stive et al., 2013; Huisman et al.(2016), de 
Schipper et al., 2016; Radermacher et al., 2017; Wengrove et al., 2018; 
Roest et al., 2021). At medium scales, jet-ski surveys were used to 
observe morphologic change of the local shore-parallel and transverse 
sandbars in 2014 (Fig. 1). The transverse sandbars are generally 1.5 m in 
height and approximately 100 m wide in the alongshore direction, and 
evolve over periods of days to months (Fig. 1b). Over a period of just 
four weeks in 2014 the transverse sandbar (indicated in Fig. 1b) 
migrated 50 m toward the northeast (Fig. 1b, lower panel). On the small 
scale, two sonar imaging stations offset by 66 m in the cross-shore 
(shore-normal) direction were deployed in 2014 (coinciding with the 
jet-ski surveys) to simultaneously measure ripple-scale bedform evolu-
tion (Fig. 1b, 3b). Our work investigates the possible connection be-
tween the migrating sand ripples in the surfzone (Fig. 1c) to the 
concomitant evolution of the transverse migrating sandbar (Fig. 1b). 

3. Methods 

3.1. Field measurements 

Observations were collected in 2014 during a four week long field 

experiment from 23 September (day of year (DOY) 256) to 18 October 
(DOY 291). Two large-scale bathymetric surveys were obtained using a 
jet-ski equipped with an single-beam echo sounder and differential GPS 
positioning on 23 Sept. and 18 Oct. (DOY 266 and 291), and subse-
quently used to estimate surfzone change and sandbar evolution. Small- 
scale ripples were observed with two imaging stations positioned at the 
tip of the Sand Engine using pencil beam rotary sonars (Wengrove et al., 
2017). The sonars were deployed offset in the cross-shore direction by 
66 m between the seaward sandbar (the sandbar was 50 m further 
seaward than the outer sonar station, S2) and the shoreline (the shore-
line was 20 m further shoreward than the inner sonar station, S1). 
Additionally, the stations were positioned southwest of a migrating 
transverse sandbar. The inner ripple imaging station will be referred to 
as S1 and the outer as S2. The alongshore direction was defined based on 
the orientation of the Delfland coastline without the mega-perturbation. 
The S2 sonar station was deployed for 2 weeks (DOY 275 to 291), while 
S1 was deployed for 4 weeks (DOY 269 to 296). Generally, waves were 
breaking at the S1 sonar station closest to shore, especially during low 
tide; while at the S2 sonar station, waves were reshoaling after breaking 
on the offshore shore parallel sandbar (Wengrove et al., 2017, 2018, 
2019). Details of the experimental setup and observations of ripple 
transformation and forcing conditions are included in Supplementary 
Material A. 

3.2. Ripple driven transport 

Ripples have been previously observed and analyzed for changes in 
ripple wavelength, height, migration rate, and migration direction 
(Fig. 1c) (Wengrove et al., 2018, 2019). Following (Traykovski et al., 
1999), an estimate of sediment flux mobilized by ripple migration can be 
obtained using the bedload sediment flux associated with migrating 
ripples, 

qripple =
1
2

nVmigη (1)  

where Vmig is the ripple migration rate, η is the ripple height, and n is an 
empirical sediment packing factor (taken as 0.7). Vmig is calculated from 
two-dimensional (2D) cross correlation or motion estimator process 
applied to pairs of sonar images sampled 20 min apart, and η is calcu-
lated from 2D spectra of individual images (see Supplementary Material 
B). Three example time series of successive images over a 100 min 
period illustrate the dynamic ripple adjustment to wave dominant and 
current dominant flow conditions (Fig. 1c). The combined wave-current 
conditions yielded (by far) the most mobile ripples (Fig. 1c, (Wengrove 
et al., 2018)). 

The error in sediment flux estimated by propagating quadrature 
error is placed on estimates of ripple height and migration rates. For 
ripple heights, a chi-square distribution was used to determine the 
standard deviation on the 2D ripple height variance. The maximum 
error for the entire time series was 0.01 m. Estimated standard deviation 
was placed on ripple migration rates based on two methods. The first 
was based on the variance explained using 2D cross correlation methods, 
in which the maximum error in Vmig of 0.3 cm/min is found by consid-
ering the error of the migration rate given by twice the smallest spatial 
resolution of the sonar over a 20-min window (2×0.03m)

(20min) . The second was 
based on the correlation roll off error at the point where the correlation 
became less than 60%, and was also found to be 0.3 cm/min. The error 
in the packing factor, n, was taken to be 0.7 ± 0.05 based on variability 
in estimates of n in literature for bed packing and ripple shape (Sleath, 
1984). Total propagated error was estimated by assuming independent 
variables in quadrature using a standard error approach, 

qrippleerror =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅[
(nerror/n)2

+ (ηerror/η)2
+
(
Vmigerror

)/(
Vmig

)2
]
qripple

√

(2) 

The daily maximum error was found by integrating over a day. 
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Maximum error was ±0.1 m3/m/day and is indicated by vertical error 
bars in Fig. 3b. Miss-alignment of the sonar would lead to error in es-
timates of qx (cross shore) and qy (alongshore) from ripple driven sedi-
ment flux; we estimate those errors to be at ±0.03 m3/m/day for a 
maximum 10◦ miss-alignment. 

3.3. Analysis of large-scale transverse sandbar 

Jet-ski surveys were used to observe morphologic change of the local 
shore parallel and transverse sandbars (Figs. 1, 3, 4). The location of the 
bathymetric surveys is at the tip of the Sand Engine, shown in the lower 
panel of Fig. 1. Surveys were referenced to a local datum and water level 
fluctuations (waves, infragravity motions and tide) were compensated 
by RTK-GPS measurements of the jetski. Errors in the obtained bed el-
evations originate from the RTK GPS system, pitch/roll of the jetski, bed 
detection and sound propagation speed used in the sounder (MacMahan, 
2001). Comparisons between surveys made on different days were 
accomplished by removing bias between surveys and accounting for 
systematic depth errors (e.g. variable mounting of the GPS antenna, 
salinity fluctuations). We removed bias by normalizing surveys to ele-
vations in regions with little to no morphologic change (i.e., offshore), 
the approach is more conservative than other approaches used to 
reference multiple surveys to the same level. Although the bias 
normalization should have accounted for inherent depth errors, to be 
conservative, we accounted for inherent depth bias error from the jet-ski 
surveys by estimating confidence on survey elevations as 0.5% of the 
depth with an added 3 cm offset due to systematic errors in setup (de 
Zeeuw et al., 2016). Hence bias in bed elevations range from 3 cm near 
the beach and increased to 6 cm at the deepest extent of the survey re-
gion. The change in depth error between two jet-ski surveys was esti-
mated again using the quadrature error for subtracted quantities 
approach for each set of differenced surveys. 

3.4. Sediment flux and bed level change 

The sediment flux and bed level change are related using the sedi-
ment continuity equation 

dzb

dt
= −

1
n
∇q (3)  

where n is the sediment packing, ∇q is the gradient in sediment flux, and 
dzb/dt is the change in the bed level over a defined period of time, t. 

The sediment flux per meter of sandbar length (qsb) is estimated with 
the migration of the transverse sandbar by 

qsb =
1
2

nηsbVmigsb (4)  

where ηsb is the sandbar height and Vmigsb is the sandbar migration rate. 

4. Results 

4.1. Ripple dynamics 

The hydrodynamic forcing was at times very strong, with wave 
orbital velocities near 0.6 m/s and current velocities near 0.7 m/s 
(Fig. 2). The median grain size within the inner bar region was between 
250 μm and 400 μm, with most sediments closest to 350 μm (Huisman 
et al., 2016). Fig. 2b,c show the combined wave current Shields 
parameter (for characterizing bedload transport) and Rouse number (for 
characterizing suspended load transport) for the most common grain 
size 350 μm and the minimum grain size (250 μm) at the tip of the Sand 
Engine. Shields parameters ranging between 0.05 and 0.7 and Rouse 
numbers primarily above 2.5 indicate conditions dominated by bedload 
transport for a grain size of 350 μm, and mixed load transport for the 
minimum grain size of 250 μm. Thus, during the periods of time 

Fig. 2. Experimental campaign wave (uo) and mean 
current (U) hydrodynamic conditions (A) and sedi-
ment transport characterization using the combined 
wave-current Shields parameter (B) and Rouse num-
ber (C). Shields parameter threshold for incipient 
motion is 0.05 indicated by the thin dashed line in 
(B), sheet flow occurs at a Shields parameter of 
approximately 0.8. Suspended sediment transport 
occurs at a Rouse number of 2.5 and lower, wash load 
occurs at a Rouse number of 0.8 and lower for that 
grain size, both thresholds are plotted as solid black 
lines in (C). Both the Shields and Rouse numbers are 
plotted for a median grain size of 350 μm (thin) and 
250 μm (dotted bold) (middle). The red vertical lines 
indicate analysis period DOY 266–291, respectively. 
u* is the friction velocity, s is the specific gravity of 
the sediment, g is the acceleration due to gravity, d50 
is the particle median grain size, ws is the settling 
velocity for the particle median grain size, and κ is 
the von Karman coefficient defined as 0.4.   
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considered for the following analysis, bedload transport is assumed to be 
the significant contributor to the total load. For the period DOY 
275–291, sediment of grain size 250 μm and coarser are estimated to be 
mobile for the full period (Fig. 2b), the 250 μm grain size reaches the 
threshold for suspension nearly 100% of the time and the 350 μm grain 
size reaches the threshold for suspension 10% of the time, neither 
approach wash load (Fig. 2c). For the full period (DOY 266–291) the 
250 μm grain size sediment and coarser are estimated to be mobile 
(Fig. 2b), while the 250 μm grain size reaches the threshold for sus-
pension approximately 80% of the time and the 350 μm grain size rea-
ches the threshold for suspension only 15% of the time, neither approach 
wash load (Fig. 2c). As such, the most common grain size (350 μm) was 
mobile in the regime of bedload transport for nearly 90% of the mea-
surement period (ideal conditions for bedload transport), while the 
minimum grain size (250 μm) was estimated to be moving in the regime 
of bedload 50% of the time during ebb tide and suspended load during 
flood tide. 

Shields parameters ranging between 0.1 and 0.6 suggest ripple 
driven transport in sandy bottom environments. The cross-shore and 
alongshore daily averaged sediment flux time series was estimated for 
each ripple imaging station using observations of ripple migration and 
migration direction (shown with a time series in Fig. 3a and with vectors 
in Fig. 3b) (Wengrove et al., 2018). Sand ripple transformation at the 
seaward tip of the Sand Engine was observed to range in wavelength 

between 0.12 and 2.5 m with heights between 0.02 and 0.4 m and 
migration rates up to 3.6 m/h dependent on the hydrodynamic energy in 
the overlying waves and currents (Fig. 1c) (Wengrove et al., 2017, 2018, 
2019). Over the course of the experiment (between DOY 275–291), the 
average and volumetric sediment flux per unit width per day of sand 
transported by observed ripple migration was found to be 0.19 m3/m/ 
day (S1) and 0.24 m3/m/day (S2), the average between the two sites 
was then 0.22 m3/m/day, and when broken into cross- and alongshore 
components, was on average 0.20 m3/m/day in the cross shore and 0.11 
m3/m/day in the alongshore. The maximum observed daily averaged 
sediment flux during the experiment occurred at S1 on DOY 295 with a 
flux rate of 1.7 m3/m/day (Fig. 3a). The daily averaged sediment flux 
was directed just northeast (30◦) of shore normal for most days (Fig. 3a 
color, 3b vectors). Larger flux rates occurred during spring flood tides 
(DOY 266, 281, 296) and during storm conditions (DOY 278, 280, 287, 
294). Both stations follow the same temporal variations with respect to 
magnitude and direction of sediment flux, with the exception of the 
storm event between DOY 280–283, during which the wave driven 
alongshore current was stronger at S2 (Fig. 3b). 

4.2. Ripple driven transport compared to surfzone volumetric change 

The jetski survey data was used to estimate surfzone volumetric 
change between the survey pair by taking the difference between the 
bathymetric survey pair between DOY 266–291 (Fig. 3b). To put the 
bathymetric change observations in terms of a quantity that we can 
compare with observations of ripple driven sediment flux we use the 
sediment continuity equation (Eq. (3)). The average gradient in sedi-
ment flux needed (∇qest) to drive the observed bathymetric change ob-
servations (Δzb), is defined as 

∇qest = − nΔzbdxdy/dt (5)  

where dxdy is taken to be 1 m2 (to compare with qripple) and dt is the time 
in days between surveys. Fig. 4 shows the estimated (or derived) 
gradient in sediment flux from the changes in observed bathymetry for 
the two sets of survey pairs. The average ripple driven sediment flux at 
S1 and S2 was computed over the duration of time S1 and S2 were 
deployed synchronously (DOY 275–291, Fig. 3a). Note, unfortunately 
we do not have a survey collected on DOY 275, so the average ripple 
driven sediment flux is computed over a shorter period of time than the 

Fig. 3. Ripple driven sediment flux observed at the S1 and S2 sonar stations. (a) 
Time series of daily averaged magnitude of the ripple sediment flux colored by 
the ripple migration direction, where +90◦ is directed alongshore toward the 
northeast. Circles indicate the S1 sonar station and the triangles indicate the S2 
sonar station. Storms occurred on DOY 278, 280, 287, and 294. Quadrature 
error bars are plotted as vertical lines. (b) Bathymetric difference survey be-
tween DOY 266 and DOY 291 overlaid with daily averaged sediment flux 
vectors for each sonar station S1 and S2. Vectors numbered according to time 
position in top panels; 1 being the first point in the time series. The black 
vectors highlight the period of time when both sonar stations were deployed, 
and the grey vectors on the S1 station show the remainder of measurements for 
the deployment. The 0.2 m3/m/day scale bar in the lower left corner indicates 
transport magnitude relevant for interpreting the plotted sediment flux vectors 
for qripple. 

Fig. 4. Estimated average gradients in sediment flux from changes in observed 
bathymetry for survey pair between DOY 266–291. Red colors represent erosion 
of sediment, while blue colors represent accretion of sediment. The observed 
sediment flux from the ripple imaging stations (S1 and S2) is labeled in 
the figure. 
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gradient in estimated sediment flux, but still with representative calm 
and storm conditions. 

The estimated gradient in sediment flux from the survey pair be-
tween DOY 266–291 (Fig. 4), shows that in the cross shore position 
where the ripple imaging stations were located, there was a moderately 
erosive derived gradient in sediment flux. We also observe that in the 
region of transverse sandbar migration there were areas that were more 
erosive and areas that were more accretive. If we compare the obser-
vations of average ripple driven sediment flux to the estimated gradient 
in sediment flux from bed level change, we see that on average qripple 

would only need to change less than 0.02 m3/day (i.e., less than ±10% 
of the observed qripple to accommodate bathymetric change across the 
transverse sandbar. As such, if ripples drove the observed bed level 
changes around the transverse sandbar, the ripple volume and/or 
migration speed of the ripples would need to be spatially dynamic, 
creating zones of higher sediment flux convergence and divergence. In 
erosive region near the sandbar, the average ripple sediment flux would 
need to be larger than that observed at S1 and S2, and in the accretive 
region the average ripple driven sediment flux would need to be smaller 
than that observed at S1 and S2. The estimated needed sediment flux 
divergences are not unreasonable for the system. Fig. 3a shows that on 
DOY 282, there is a divergence of approximately 0.3 m3/m/day between 
the S1 and S2 observations of ripple driven sediment flux. Other ob-
servations in literature show that the divergence magnitude suggested is 
adequately reasonable for sandy systems (e.g., Jones and Traykovski 
(2019)). Of course, other mechanisms of sediment flux in the surfzone 
are also conceivable. In summary, the observed ripple driven sediment 
flux are large in magnitude compared to the derived gradients in sedi-
ment flux needed to drive surfzone bathymetric change. As such, our 
results feasibly suggest that sand ripple driven sediment flux is an 
important contributor to surfzone bathymetric change. 

4.3. Ripple driven transport compared to sandbar migration 

Ripple driven transport can be put into context with large scale es-
timates of sediment transport derived from measurements of the 
migration of the sandbar (Orzech et al., 2010). As the sandbar migrated 
along and toward the shore (Fig. 1b, Fig. 3), approximately qsb = 1.05 
m3/m/day of sand was transported across the bar crest (the migration 
rate of the sandbar was approximately Vmigsb = 2m/day, the sandbar 
height ≈ 1.5 m, Eq. (4)). The sandbar transport rate was calculated from 
successive bathymetric surveys obtained between DOY 266–291. We 
observed the transverse sandbar to migrate alongshore, while also 
accumulating sediment along its shoreward side (Figs. 1b, 3b). 

Since the sandbar migration rate was only estimated in the along-
shore direction, we compare relative magnitudes of alongshore sedi-
ment flux between the transverse sandbar (1.05 m3/m/day) and the 
sand ripples (0.11 m3/m/day). We find that the ripple driven sediment 
flux measured to the southwest of the northeasterly migrating transverse 
sandbar could only account for 10% of the net sediment transport 
associated with the alongshore transverse sandbar migration. The hy-
drodynamics everywhere along the bar are likely not the same as at the 
imaging stations, and thus the implicit assumption of ripple similitude 
along the transverse bar likely results in over- or under-prediction of the 
net transport volume. The sandbar not only migrated, it also changed 
volume during its evolution. The only way to estimate the true contri-
bution of ripples to sandbar translation and growth or decay is by closing 
the sediment budget and preforming a sediment convergence/diver-
gence analysis for sand entering into and leaving from the sandbar 
control area. Wengrove et al. (2018, 2019) show that at times ripples at 
the field site were subject to growth and shrinking in volume as they 
migrate, such that ripples can pick up and deposit sediment in the 
control area. Both concepts lead to our conceptual model for how sand 
ripples may aid in the growth and decay of sandbars. 

5. Discussion 

5.1. Conceptual model for sand ripples aiding in the growth and decay of 
sandbars 

We consider a simple idealized sandbar as it migrates (Fig. 5a). The 
net change in sand volume, ΔVsb, per unit planar area, Asb, of a migrating 
sandbar equals the net bed level change, Δzb, 

ΔVsb

Asb
= Δzb (6)  

where ΔVsb = f(qb,qs), such that the change in sandbar volume per unit 
planar area (change in bed level) is a function of the bedload (qb) and 
suspended load (qs) sediment transport gradients over the sandbar area. 
We can evaluate the net bed level change, Δzb, for cases where spatial 
changes in small scale sand ripples are dominant by, 

Δzb =
ΔVsb

Asb
= n

∫
dqripple

dl
dt±P (7) 

The first term on the right-hand-side is the time integrated ripple flux 
divergence and arises from the variability introduced by ripple migra-
tion over a given time interval, where dqripple is the net volumetric 
change in transport rate per unit cross-flux distance from migrating 
ripples separated in space by dl. When ripples migrate the migration is 
accomplished partially due to suspended load and partially due to 
bedload processes of sediment transport, though predominantly bedload 
driven, suspended sediments advected from ripples generally stay 
within the ripple system. As such qripple can be composed of both bedload 
and suspended load components. The simple model shows that 
migrating and transforming small-scale ripples can influence 
morphology evolving on longer time and length scales. The migrating 

Fig. 5. Conceptual model showing influence of small-scale morphology on the 
transformation of larger scale morphology outlined as Eq. (5). A is the initial 
sandbar profile; B is the projected sandbar transformation at an arbitrary time 
in the future. (a) sandbar migration omitting changes in ripple induced sedi-
ment fluxes; the sandbar migrates but does not change shape. (b) condition 
leading to sandbar decay; ripples take sand away as they migrate over the 
sandbar. (c) condition leading to sandbar growth; ripples leave sand behind as 
they migrate over the sandbar. The arrows indicate the net transport direction. 
Ripple size is exaggerated for conceptual understanding with respect to sandbar 
size. Both (b) and (c) assume that term P in Eq. (5) is small. Vsb is the 
sandbar volume. 
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ripples may remove sediment from the sandbar under increasing sedi-
ment flux in the direction of ripple migration (Fig. 5b) or may add 
sediment to the sandbar under decreasing fluxes (Fig. 5c). The second 
term, P, accounts for any other transport process that may increase or 
decrease the volume of the sandbar during migration (e.g. sheet flow, 
sediment bypassing and deposition). It is our hypothesis that the 
transverse sandbar migration and growth/decay could be described at 
least in part by the conceptual model driven by ripple sediment flux; 
however, the hypothesis is only supported by our quantitative obser-
vations, but is yet to be proven. 

5.2. Context and application of results 

Observations of sand ripple geometric adjustment and migration in 
changing hydrodynamic conditions have been observed in the surfzone, 
tidally driven inlets and shoals, rivers, and laboratories. Dietrich and 
Smith (1984) show that sediment transport driven by sand ripple 
migration accounts for observed bed level change in riverine environ-
ments. Aagaard et al. (2001) show that sediment transport due to 
megaripples on a barred beach during the passing of a storm contribute a 
non-insignificant amount to the total bed level change of the beach. 
Jones and Traykovski (2019) show that megaripple transport is essential 
for the migration of sandwaves in a tidally dominated shoal environ-
ment. Our effort complements the results of the three aforementioned 
studies by 1) examining the influence that ripple and megaripple 
transport has on bed level change in the surfzone, and 2) examining the 
potential relationship between the small scale to medium scale geo-
metric roughness adjustment in the surfzone through a conceptual 
model. The basis of our conceptual model is the same as that of Jones 
and Traykovski (2019), where they use the time integrated sediment 
continuity equation (Exner equation) with a substitution for ripple 
driven sediment flux to show that the sandwave migration rate and the 
change in sandwave elevation measured from bathymetric surveys is the 
same as that estimated from ripple convergence and divergence mea-
surements. Although we could not calculate sediment convergence and 
divergence because of limitations in our observational array, we hy-
pothesize that convergence and divergence of megaripples also signifi-
cantly contribute to the change in shape and migration of the transverse 
bar in the surfzone and its multidirectional flows. The overall observed 
bedlevel change in the surfzone is consistent with observations of the 
estimated change due to spatially and temporally integrated ripple and 
megaripple transport over the period of observation. 

Results are applicable to any medium to large scale geomorphic 
feature where migrating smaller scale ripples exist as part of a larger 
system. In our study and in the study of Jones and Traykovski (2019), 
hydrodynamic energy is mild to moderately high during the observa-
tional periods. In both studies bedlevel change can be nearly fully 
accounted for by ripple migration. During more energetic storms meg-
aripple migration convergence and divergence may be less important for 
system change, but still a significant contributor as shown by Aagaard 
et al. (2001). Our observations focused on the bedlevel change and 
migration of a transverse sandbar in the inner surfzone where longshore 
and tidally driven currents are nearly as important as wave hydrody-
namics. Ripple and megaripple dynamics also likely contribute to shore 
parallel bar dynamics. 

Our results and the results of others suggest that process based model 
accuracy should improve with 1) inclusion of parameterizations for 
specific ripple and megaripple transport mechanics instead of the pre-
sent parameterizations that divide bedload and suspended load trans-
port as independent processes and 2) inclusion of convergence and 
divergence adjustment relationships between scales of morphology by 
accounting for ripple convergence influence on sandbars/sandwave 
morphodynamics and by accounting for ripple adjustment as a function 
of relative location of the ripples on the larger scale morphology. 

6. Conclusion 

Detailed observations of small-scale sand ripples and surfzone 
bathymetric evolution were acquired and analyzed to investigate the 
link between ripple mechanics and surfzone sediment transport. Field 
data supports the hypothesis that small-scale sand ripples could 
contribute significantly to larger scale bathymetric change in the surf-
zone under mild to moderately high hydrodynamic energy. Sand from 
the sand ripples and megaripples migrated both onshore to the beach 
and alongshore in the direction of the migration of a local transverse 
sandbar. A simple conceptual model shows how sand ripples can feed or 
erode larger surfzone morphology. Through field measurements, we 
show that the estimated gradient in sediment flux from bed level change 
measurements between a pair of jetski bathymetric surveys within the 
surfzone are reasonable values for divergence driven by ripple driven 
sediment flux in the surfzone. The conceptual model outlined as part of 
our study should be tested more robustly through tailored field and 
laboratory experiments. Our results are consistent with those in rivers 
(Dietrich and Smith, 1984), tidally dominated shoals (Jones and Tray-
kovski, 2019) and the inter-tidal area (Aagaard et al., 2001), which 
suggest that sediment transport patterns observed through super-
imposed sand ripple migration and growth of larger morphologic fea-
tures may contribute to larger scale patterns of net morphologic change. 
Results of our study and others encourage process based morphody-
namic evolution models to strive to consider superimposed ripple dy-
namics as contributors to the evolution of large morphologic features. 
Active ripple dynamics should be considered as an important contrib-
utor to littoral and riverine morphodynamic evolution. 
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